Abstract: Commercial fibers covered with poly(dimethylsiloxane) were used to pre-concentrate (solid phase microextraction technique) products evolved from the thermal degradation of isotactic polypropylene. Although the analysis by GC-MS indicated the formation of more than one hundred evolved products (ca. forty were identified), only twenty nine formed at 470 o C (the temperature of maximum degradation rate for isotactic polypropylene) were analyzed. The main compounds identified were 2,4-dimethyl-1-heptene, 2-methyl-1-pentene, 2,3-dimethyl hexane, n-pentane and 1,3,5-trimethyl cyclohexane. The analysis at 470 o C, using different degradation times, also indicated that the compounds 2-methyl-1-pentene and 2,4-dimethyl-1-heptene (major products) were formed at 15 and 25 minutes, respectively. The mechanism proposed for the formation of the major compounds was based on radical formation through chain cleavage (allyl and secondary radicals), followed by a chain decomposition process via hydrogen radical addition or cyclization to a thermodynamically stable six-membered ring.
Introduction
Environmental pollution due to synthetic polymers is considered one of the greatest problems nowadays. The total plastics consumption and, consequently, the amount of plastic waste generated have increased considerably in recent years. One alternative used to solve this problem is to recycle the polymer waste using a pyrolysis process for which it is important to know exactly which volatile products are generated. The volatile products and new compounds generated during the pyrolysis process of polymers can be toxic, increasing, as a consequence, the risk of human health problems. Thus, the identification of these compounds is of great importance, along with knowledge of the effects of temperature in the degradation process.
Solid phase microextraction (SPME) is a very useful analytical technique in which the analytes are directly extracted and concentrated on the extraction fibers. It has been applied in environmental and forensic chemistry, and in the pharmaceutical, materials and food industries [1] [2] [3] [4] [5] [6] . Although it has been routinely used for the extraction of volatile and semi-volatile organic compounds from samples related to the above mentioned areas, only in recent years has it been used to concentrate volatile products formed during the thermal degradation of polymers [7] [8] [9] [10] [11] . For this specific application, advantages such as rapid analysis, improvement of detection limits and total elimination of the use of organic solvents, are of particular interest [1, 2, [4] [5] [6] [7] .
Recently, we used the SPME technique to analyze the volatile products evolved from the thermal degradation of isotactic polypropylene (iPP) at 470 °C, which is the temperature of maximum degradation rate [7] . The main idea was to compare two different fibers, polydimethylsiloxane and carboxen/polydimethyl siloxane for the product pre-concentration. The results suggest the viability of the use of both fibers in the pre-concentration of volatile products evolved from iPP degradation. Isotactic polypropylene was chosen as a "model polymer" because its thermal degradation behavior has been extensively studied and described in the literature and there is only one stage of mass loss between 300 °C and 500 °C [7, [12] [13] [14] [15] [16] [17] [18] [19] [20] . Also, iPP is a commonly recycled polymer and has been used in several technological applications at moderate and high temperatures [12, 13, 16, 18, 21] .
Considering that in a previous study the products evolved at 470 °C were analyzed, the aim of this study was to evaluate the effect of temperature and degradation time on the thermal degradation of isotactic polypropylene using the SPME-GC-MS technique. Possibilities are proposed for the reaction mechanisms associated with the formation of the main products evolved.
Results and discussion

Products evolved during the isotactic polypropylene degradation
In Figure 1A the GC-MS chromatogram corresponding to the volatile products obtained in the thermal degradation of iPP at 470 °C, the temperature of maximum degradation rate using a PDMS-covered fiber for pre-concentration, is shown. Although more than one hundred volatile products were detected up to the retention time of 50 minutes, only 41 were identified using the ChemStation B-01-00 database. Twenty nine of the identified compounds (ca. 70%) which showed a high percentage of accuracy in the identification, have a retention time lower than 15 minutes, and for this reason, our analysis focused only on this region ( Figure 1B and Table 1 ). The formation of a high percentage of alkenes (79.3%), was observed, in agreement with the data reported in the literature, which range from 75% to 85% [12, 19] . The percentages of alkanes and dienes were 15.4% and 5.3%, respectively, which are similar to the values determined by the above-cited authors. At up to 15 minutes of retention time C 5 -C 12 compounds were preferentially formed and the main products evolved were 2,4-dimethyl-1-heptene, 2-methyl-1-pentene, 2,3-dimethyl-hexane, npentane and 1,3,5-trimethyl-cyclohexane. The behavior, in terms of the relation between normalized peak area and temperature, of the five above-mentioned compounds is shown in Figure 2 . As previously reported [7] , the 2,4-dimethyl-1-heptene compound formation appears to be favored by the reaction mechanism associated with the random scission of carbon-carbon bonds, followed by an intramolecular hydrogen transfer process (see next section). At the same time, it was observed that the compounds 2-methyl-1-pentene, 2,3-dimethyl-hexane and npentane were preferentially formed at temperatures lower than 400°C, decreasing in percentage terms at high temperatures (> 400 °C). The compound 1,3,5-trimethylcyclohexane appeared as a volatile product at the five degradation temperatures analyzed, with a percentage of ca. 10% (normalized peak area). Most of the identified compounds were present in percentages lower than 10% (normalized peak area) at some of the studied temperatures. The results shown in Table 1 and Figure 2 confirm that for isotactic polypropylene the maximum degradation occurred at 470 °C as has been previously described in the literature [7] . At this temperature, the twenty nine compounds analyzed in this study were present although most of them in low percentages. Another finding was that some of the compounds appeared only at high temperatures, suggesting that they were formed by the random scission of the polymer chain, probably due to the degradation of some of the compounds formed at low temperatures. The kinetic parameters for isotactic polypropylene thermal degradation have been analyzed by Chan and Balke considering the thermogravimetric curves obtained under inert atmosphere (argon) [16] . The authors suggested the existence of two main regions associated with low (≤ 10% mass loss) and high (10-100% mass loss) temperatures. The activation energy values determined by the authors for the two regions were ca. 98 and 328 kJ mol -1 , respectively, which were attributed to the existence of weak points (low activation energy) and high degrees of random scission (high activation energy) of the main chain. In this study, at 370 °C only seven compounds appeared, increasing to eighteen at 420 °C and to twenty nine at 470 °C, suggesting that above 400 °C the mechanisms of degradation are more complex and associated with the random scission of the chain.
The evolved products were also analyzed at 470 °C (the temperature of maximum degradation rate) at different degradation times (Table 2) . Only five products were identified at a first degradation time of 5 minutes: 2-methyl-1-propene, n-pentane, 2-methyl-1-pentene, 2,3-dimethyl-hexane and 2,4-dimethyl-1-heptene. The number of products evolved increased with time, and the experimental procedure (30 minutes) used for the pre-concentration at different temperatures was therefore appropriate.
The compounds 2-methyl-1-pentene and 2,4-dimethyl-1-heptene were the major products evolved between 12-17 and 22-27 minutes, respectively.
Degradation mechanism
A high number of papers have studied the mechanism associated with polypropylene thermal degradation [12, 17, [22] [23] [24] [25] [26] [27] [28] [29] . Despite some conflicting evidence regarding the mechanism, it has generally been described as the formation of alkanes, alkenes and alkadienes as products of polypropylene thermal degradation, by the scission of carbon-carbon bonds, followed by an intramolecular hydrogen transfer process.
Scheme 1.
Proposed mechanisms for the formation of 2,4-dimethyl-1-heptene and 2-methyl-1-pentene from isotactic polypropylene degradation.
The formation of alkanes, alkenes or alkadienes has been proposed, as a consequence of a free radical mechanism in which C-C chain scission and the intramolecular transfer can produce primary, secondary or tertiary radicals [17, 23] . Different products are formed during the degradation process depending on the radical type, and it has been suggested that the highest yield products are derived from secondary radicals [22] . Considering that the degradation mechanism is still not totally clear, in this study more in-depth analysis was carried out of the possible mechanism of the formation of the three major compounds: 2,4-dimethyl-1-heptene, 2-methyl-1-pentene and 1,3,5-trimethyl-cyclohexane. Under pyrolytic conditions, at any point of the polymer chain, the C-H bond of the tertiary carbon is broken homolytically generating more stable tertiary radicals (Scheme 1).
Scheme 2.
Proposed mechanism for the formation of 1,3,5-trimethyl-cyclohexane from the isotactic polypropylene degradation.
Hydrogen radical elimination from the β carbon to give the terminal C=C double bond may then occur. This makes the polymer chain susceptible to cleavage affording a resonance stabilized allyl radical and a secondary radical as the other part of the chain. The allyl radical may undergo hydrogen radical addition resulting in the neutral polymer containing 2-alkyl-1-propene at one of the ends. The resulting neutral polymer may return to the original allyl radical, or a tertiary radical may be formed through homolytic C-H bond dissociation of some tertiary carbons, which is more likely due to their high occurrence in the polymer. In the same way, this tertiary radical gives another allyl radical and a secondary radical containing 2-alkyl-1-propene at one of the ends. The allyl radical may undergo further hydrogen radical addition and continue the same decomposition process. The other part under go hydrogen radical addition to give neutral molecules such as 2-methyl-1-pentene and 2,4-dimethyl-1-heptene (major products detected) and several other minor homologues with a difference of two carbons in the chain (not discussed).
Rationalization of cyclic product formation may be attributed to the first cleavage that generates an allyl and a secondary radical. The latter may undergo cyclization to the thermodynamically stable six-membered ring according to Scheme 2. The isotactic form of the studied polymer favors six-membered ring formation due to the less hindered approach in the chair conformation with all methyl groups at the equatorial positions. In addition, the secondary radical, generated after cyclization, continues the same decomposition process. This cyclization may occur through the formation of a less stable, but not too unlikely, diradical. Most of the formation of cyclic compounds from the iPP degradation follows a similar mechanism.
Conclusions
Commercial SPME fibers covered with poly(dimethylsiloxane) were used to preconcentrate products evolved from the thermal degradation of polypropylene. The analysis by GC-MS indicated the formation of more than one hundred evolved products, with ca. forty corresponding to alkenes (79.27%), alkanes (15.38%) and dienes (5.34%) being identified, in full agreement with the literature. The temperature dependence was analyzed in the range 370-570 °C, and indicated the formation of twenty nine evolved products at 470 °C (the temperature of maximum degradation rate for polypropylene), confirming as the main compounds: 2,4-dimethyl-1-heptene, 2-methyl-1-pentene, 2,3-dimethyl-hexane, n-pentane and 1,3,5-trimethyl-cyclo hexane. The analysis at 470 °C using different degradation times indicated, for example, that the compounds 2-methyl-1-pentene and 2,4-dimethyl-1-heptene were the major products evolved between 12-17 and 22-27 minutes, respectively.
The formation of the major compounds may occur through a mechanism based on radical decomposition of the polymer. The first cleavage of iPP generates two radicals: an allyl and a secondary radical. The allyl radical, via a chain process, undergoes hydrogen radical addition followed by further cleavage, generating another allyl radical and the fragment containing the double bond which gives 2-methyl-1-pentene and 2,4-dimethyl-1-heptene by hydrogen radical addition. On the other hand, the secondary radical of the first cleavage undergoes cyclization to a thermodynamically stable six-membered ring affording 1,3,5-trimethyl-cyclohexane and another secondary radical which continues the same decomposition process.
Experimental
Materials
Isotactic polypropylene (average M w ca. 250,000 g mol -1 ; average M n ca. 67,000 g mol -1 ; density = 0.900 g cm 3 , melting temperature 160-165 °C ) was purchased from Aldrich Chemical Company (St. Louis, USA). The isotacticity (94.2%) was determined by 13 C-NMR and confirmed by infrared spectroscopy.
SPME procedure
Commercial SPME fibers covered with poly(dimethylsiloxane) (PDMS) (100 μm) were obtained from Supelco (Bellefonte, PA, USA). According to the supplier's instructions, the fibers covered with PDMS were conditioned under nitrogen at 250 °C for 1 hour in the hot port of a gas chromatograph, prior to their use.
For the thermal degradation of isotactic polypropylene (iPP), a tubular oven (Lindberg/Blue) equipped with a quartz tube for the reaction and connected to a solid phase microextraction system, was used [7] . Nitrogen (15 mL min -1 ) was used as the carrier gas. The oven temperature during the pre-concentration of the degradation products on the fibers was varied from 370 °C to 570 °C. As previously described, the extraction was performed by passing the volatile products from the thermal degradation of iPP around the SPME fiber [7] . After the extraction period (30 min), the fiber was withdrawn from the sample and introduced into the GC-MS injector. The thermal desorption of the degradation products from the PDMS-covered fibers in the heated injector of the gas chromatograph was conducted for 10 minutes. After this period no significant blank values were observed.
In the analysis in which the time period varied, the temperature was maintained at 470 °C. The volatile products from iPP degradation at 470 °C were collected using 190 mL vials.
Mass Spectrometry (GC-MS)
The GC-MS analysis was carried out using a Hewlett Packard gas chromatograph (Mod. 5890) coupled to a mass spectrometer detector and equipped with a splitsplitless injector. For the GC separations, a capillary column of fused silica (Agilent HP-5 MS) with 30 m x 0.25 mm ID and a phase thickness of 0.25 μm, was used. The following temperature program was used for the determination of the iPP degradation products: the initial temperature of 35 o C was held for 3 min and then increased to 120 o C at 5 o C min -1 . After five minutes the temperature was increased to 200 o C at 3 o C min -1 and finally to 250 o C at 10 o C min -1 . The run time was ca. 52 min. The injector and detector temperatures were maintained at 250 o C and 280 o C, respectively. The samples were injected in the splitless mode. The carrier gas used was helium at a flow rate of 1 mL min -1 . The spectrometer was operated in electron impact (EI) mode with 70 eV detection volts and scan range 41 -400 m/z. The data were collected and analyzed using the Hewlett Packard ChemStation software (version B-01-00).
